PAPER • OPEN ACCESS
Determining a fluorophore's transition dipole moment from fluorescence lifetime measurements in solvents of varying refractive index 
The fluorescence lifetime is a function of the refractive index of its environment
Fluorescence lifetime measurements have been used to probe a fluorophore's environment for some time [1] . The fluorescence lifetime τ is defined as the average time a fluorophore remains in the excited state after excitation, and is the inverse of the sum of the radiative rate constant k r and the non-radiative rate constants k nr for the excited state depopulation processes
Fluorescence lifetime measurements have been employed to sense the pH [2] , viscosity, temperature, oxygen [3] , glucose and ion concentrations, interaction with other molecules and, particularly relevant for this study, the refractive index. A key feature of the fluorescence lifetime is that it is independent of the fluorophore concentration, which is important for fluorescence lifetime imaging (FLIM) microscopy of cells and tissues where the fluorophore concentration is difficult to control. FLIM has, for example, been used to monitor apoptotic cells to study anti-cancer drugs [4] and in many other studies [5] [6] [7] [8] .
The reason why the fluorescence lifetime is a function of the refractive index n is because k r is a function of n [9] . One definition of the refractive index is the ratio of the speed of light in vacuum divided by the speed of light in the medium, and it varies with the type of solvent and the pressure or temperature of the solvent. It has been predicted theoretically that the fluorescence lifetime depends on the refractive index, and it has also been demonstrated experimentally by measuring fluorescence decays in solvents or solvent compositions of different refractive index, or varying the solvent refractive index with pressure, including supersonic jet-spectroscopy in vacuum [10] . Fluorescent dyes, fluorescent proteins CFP (cyan fluorescent protein) and YFP (yellow fluorescent protein) [11, 12] as well as GFP (Green Fluorescent Protein) [10, [13] [14] [15] , lanthanides [16] , quantum dots [17] and nanodiamonds [18] have all been shown to have a refractive index-dependent fluorescence lifetime. This effect has been used to study GFP infiltration into the nanochannels of mesoporous silica particles [19] , and in supramolecular decay engineering, where complexation of rhodamine 6G by CB7 (cucurbit [7] uril) has been reported to increase the rhodamine 6G lifetime due to the low refractive index which a rhodamine 6G guest molecule experiences inside the CB7 cavity [20] . Probe penetration into lipid bilayers has also been assessed by lifetime measurements of various dyes, due to the high lipid refractive index affecting the fluorescence decay [21, 22] .
Determining a fluorophore's transition dipole moment from fluorescence lifetime measurements in solvents of varying refractive index
In the particular case of GFP, the non-radiative rate constant seems to be insensitive of the environment, as the GFP fluorophore is tightly bound inside its barrel, protected from solvent effects, oxygen quenching and other diffusion-controlled collisional quenching processes-influences fluorescent dyes in solution are generally subjected to. The range over which the GFP decay senses the refractive index can be large, in the order of the wavelength of the light, depending on the experimental details [14] . It plays a role in total internal reflection FLIM, since GFP in close proximity to a glass-water interface has a lower average decay time than far away from the interface [14] , and has been used to explain the shortened lifetime of GFP-labelled proteins in fixed cells in certain mounting media compared to living cells [23, 24] .
In addition, this effect has been exploited to show that GFP-tagged proteins have a faster decay in the cell membrane compared to the cytoplasm, owing to the membrane's higher refractive index [25] . In another fluorescence microscopy study, the fluorescence decays of cytoplasmic GFP and tdTomato, a red fluorescent protein, were mapped during mitosis, showing that the average GFP and tdTomato lifetimes remained constant during mitosis but rapidly shortened at the final stage of cell division [26] . The interpretation of this observation put forward was that the concentration of proteinswhich have a high refractive index-in the cell changes during the cell cycle. Moreover, using flow cytometry and the GFP fluorescence lifetime as the cytometric parameter, it has been shown that the GFP fluorescence lifetime can be correlated to changes in the subcellular localization of GFP-LC3 (microtubule-associated protein light chain 3) fusion protein to the autophagosome during autophagy [27] .
Theory
The radiative rate constant k r is related to the absorption and fluorescence spectra, and is a function of the refractive index of the medium surrounding the fluorophore according to
where n is the refractive index, F is the fluorescence emission, ε the extinction coefficient and v the wavenumber (v = λ −1 , λ wavelength). Equation (2) is known as the Strickler-Berg equation [28] . Hirayama and Phillips suggested that if the extinction coefficient ε did not vary with the refractive index, then k r would be directly proportional to n 2 [29] . Later Hirayama et al experimentally supported the n 2 dependence [30] .
F is the emission intensity and is related to the characteristic wavenumber v em 3 of the emission spectrum by
The transition dipole moment M 01 is associated with the transition from the ground state (0) to the excited state (1) due to charge displacement. This is related to the extinction coefficient via the following equation [31, 32] : 
where v is expressed in cm −1 . Therefore by rearrangement of equations (3) and (4) and assuming that the electronic transition moment for absorption M 01 is the same as it is for emission, M 10 (M 01 = M 10 = M) can be expressed as a function of k r : 
where n 0 is the refractive index of the solution and n 1 is the refractive index of the particle. L x , L y and L z are the depolarizarion factors which sum to unity and cannot be negative and θ x , θ y and θ z are the angles of the dipole moment in the ellipsoid axes, x, y, and z. This model was originally conceived to study the fluorescence decay of the amino acid tryptophan [33] . The magnitude of the apparent dipole moment M is related to the factor γ by the following equation.
where h is Planck's constant. It is reasonable to assume M is parallel to one of the three ellipsoid axes x, y or z and so in making this assumption equation (6) can be simplified to:
where L M is given by equation (9) .
The molecules in this study are assumed to be in an empty ellipsoidal cavity which takes the shape of the molecule and are surrounded by the solution of refractive index n 0 = n. If this is the case, the electronic transition dipole moment, µ = M, L M = L µ and the refractive index of the molecule n 1 = 1 [33] . Equation (8) can hence be simplified further to equation (10) .
Such that
The value of L µ can vary between 0 and 1 and indicates the shape of the molecule. A value of 1/3 denotes a spherical molecule while a value greater than 1/3 indicates that the molecule is an ellipsoid with its transition dipole moment along the shortest dimension and a value less than 1/3 denotes an ellipsoidal molecule with its transition dipole moment along the longest dimension.
Here, we extend the work by Toptygin et al and focus on the fluorescence decays of two organic fluorescent dyes, PM546 and rhodamine 123, the structure of which are shown in figure 1, in solvents of different refractive indices. From these measurements, we calculate their transition dipole moment and ellipticity L µ . The fluorescence lifetime of a fluorophore can be determined directly with high accuracy and precision using appropriate measurement techniques, e.g. time-correlated single photon counting [5] .
PM546 and rhodamine 123 are fluorophores of particular interest because they are very photostable dyes with high quantum yields making them a popular choice for fluorescence applications. Their fluorescence decays are monoexponential, which make them suitable for the fluorescence lifetime work performed here. PM546 is uncharged, and fluorescent dyes based on boron dipyrromethene (BODIPY), first synthesized in 1968, are small, bright, have high extinction coefficients and fluorescence quantum yields, low triplet yields, narrow absorption and emission spectra, have high two-photon excitation cross sections [34] , are relatively photostable, can be easily synthesized and are available with different spectral characteristics and other chemical modifications [35] [36] [37] [38] [39] [40] . They are used as laser dyes [41] , viscosity sensors [42] [43] [44] [45] [46] , hypochlorous acid sensors [47] or as fluorescent labels in fluorescence microscopy [48] .
Rhodamine 123 is a positively charged (cationic) dye, stains mitochondria, which have a large membrane potential, and is frequently used in fluorescence microscopy [49] and single molecule spectroscopy [50] . It has been reported to have a high quantum yield of 90% and its emission is at longer wavelengths compared to BODIPY, as shown in figure 2.
Experimental section
Pyrromethene 546 (1,3,5,7,8-pentamethylpyrromethene-difluoroborate complex, BODIPY, PM546) was obtained from Exciton (USA), and rhodamine 123 from Sigma-Aldrich (UK), and stock solutions were prepared in methanol at a concentration of 0.6 mM and 1.21 mM, respectively. To obtain solutions of varying refractive index, methanol was mixed with different ratios of glycerol and mixtures made from 0% up to 95% glycerol while maintaining the same concentration of the dye. The final dye concentration for the spectroscopic measurement was 2.44 µM for PM546 and 14.5 µM for rhodamine 123. The absorption spectra were measured using a Hitachi U-400 UV/Vis absorption spectrometer (Japan) with 2 nm slit width. A scan speed of 120 nm min −1 was used for PM546 and rhodamine 123. The emission spectra were measured using a PerkinElmer LS-50B luminescence spectrometer (UK). The parameters for measuring PM546 were as follows: excitation wavelength of 465 nm, scan speed of 120 nm min −1 and a slit width of 3 nm. For rhodamine 123 an excitation wavelength of 475 nm was used with a scan speed of 150 nm min −1 and a slit width of 7 nm. The refractive indices of the solutions were measured using Fluorescence lifetime measurements were carried out using a Hamamatsu PLP-10 pulsed diode laser (Japan) at 470 nm, 10 MHz excitation rate and a 100 ns time window (for PM546) or 20 MHz and 50 ns time window (for rhodamine 123). The laser was coupled into a Leica, TCS SP2 inverted confocal scanning microscope (Germany), and timecorrelated single photon counting (TSCPC) was carried out with a Becker and Hickl SPC-830 TCSPC module (Germany). The filter used for rhodamine 123 is a Semrock FF01-550/88-25 550 nm bandpass (USA), and for PM546 a Semrock FF01-514/30-25 514 nm filter (USA). Individual wells in a 96-wellglass-bottom multiwell plate were filled with 200 µl of the dye solutions and measured. The beam was focused in the middle of the well containing the sample solution with a Leica HC PL Fluotar 2× NA0.5 air objective.
Results and discussion

Fluorescence spectra
The normalised absorption and emission spectra of PM546 and rhodamine 123 in solutions of methanol and glycerol (with glycerol at 10% and 90%) are shown in figure 2. The PM546 absorption peak is at 493.5 nm in methanol and moves up to 496 nm in glycerol, and its emission peak is at 505 nm in methanol and 508.5 nm in glycerol. The rhodamine 123 absorption maximum is at 507 nm in methanol and 512 nm in glycerol, and its emission peak at 532 nm in methanol and 538 nm in glycerol. The absorption and emission spectra show a slight bathochromic shift (red shift) as the percentage of glycerol is increased which increases the solvent polarity, but this is so small that it affects the characteristic wavenumber v em 3 of the emission spectrum,
i.e. the integrals in equation (3), only marginally.
Fluorescence decays
The normalized fluorescence decays of PM546 and rhodamine 123 in the varying refractive index media are shown in figure 3 . A monoexponential decay function was used to fit the fluorescence decay curves, and the fits were good as judged by the flat residuals and goodness-of-fit χ 2 -values (not shown). The lifetime of PM546 in methanol is 5.64 ns, in good agreement with [41] where 5.58 ns is quoted. Rhodamine 123 has a lifetime of 3.98 ns in methanol, and the lifetimes of both dyes decrease when the refractive index increases by increasing the glycerol concentration, as expected.
Data analysis according to Hirayama's empirical n
2 model A plot of the inverse fluorescence lifetimes of PM546 and rhodamine 123 versus the square of the refractive index-according to the refractive index dependence of the Strickler-Berg formula equation (2)-is shown in figures 4(a) and (c). It can be seen that the data points follow a linear trend as expected. The rate constants can therefore be calculated through a plot based of the rearrangement of equation (1), making explicit use of the empirical n 2 dependence of the radiative rate constant k r as suggested by Hirayama [29, 30] 
where k r0 represents the value of k r in vacuum. For a straight line fit of the PM546 lifetime data in figure 4 (a), assuming that k nr is constant, k nr was found to be (6.36 ± 0.35) × 10 7 s −1 , and the value of k r0 found to be (6.37 ± 0.18) × 10 7 s −1 . These values are in agreement with independent lifetime and quantum yield measurements of the same dye by López Arbeloa et al [41] in many different solvents over a slightly larger refractive index range, plotted in [45] . (black) and 90% glycerol (grey) and b) of rhodamine 123 in mixtures with volume percentage of 10% (black) and 90% glycerol (grey). The PM546 absorption peak is at 493.5 nm in methanol and moves up to 496 nm in glycerol, and its emission peak is at 505 nm in methanol and 508.5 nm in glycerol. The rhodamine 123 absorption maximum is at 507 nm in methanol and 512 nm in glycerol, and its emission peak at 532 nm in methanol and 538 nm in glycerol.
Continuing the interpretation according to the n 2 dependence, for a refractive index of n = 1.33, the quantum yield, Φ, is hence calculated to be 0.64 ± 0.04 from the equation:
The thus calculated quantum yield of 0.64 however is below the value of 0.95 at a refractive index of 1.33 found in the literature for this dye in methanol [41] . Calculating the quantum yield from τ Φ = k r (15) also yields a value of 0.64 which is, again, well below the literature value. The radiative rate constant of PM546 calculated from the spectra based on the Strickler-Berg equation (2) yields a higher value for k r0 of (1.47 ± 0.06) × 10 8 s −1 , i.e. significantly higher than the gradient of the k r versus n 2 plot based on Hirayama's model. One of the reasons for the underestimation could be due to the non-radiative rate constant k nr not being constant across the methanol/glycerol mixtures. We have therefore plotted k r versus n 2 which should yield a straight line through zero, without an intercept, according to equation (2) . This is shown in figure 4(b) . Although the data obey a linear relationship, a straight line fit through the origin is a poor fit. The gradient of (9.47 ± 0.06) × 10 7 s −1 is higher than that obtained by the fit in figure 4(a) , but still below the k r0 value given by the spectra. The best straight line fit of the data yields a non-zero intercept of (6.29 ± 0.35) × 10 7 s −1 with a gradient of (6.31 ± 0.18) × 10 7 s −1
. However, a non-zero intercept is not envisaged in the Hirayama model. Furthermore, using equation (4), the dipole moment M = µ is calculated to be (3.4 ± 0.1) D. This is also well below the literature value of 6.93 [41, 52] or 6.8 [35] . Thus, while the conceptual qualitative straight-line interpretation works, the detailed quantitative analysis according to this model does not.
The data analysis for rhodamine 123 yields similar discrepancies. The fluorescence lifetime obtained from the experiments plotted versus the squared refractive index is shown in figure 4(c) . The experimental results follow a straight line according to equation (2) , except for a little bend occurring at high containing glycerol solutions. These data points are neglected for the fit. A straight line to fit the plot yields a gradient of (1.13 ± 0.02) × 10 8 s −1 with an intercept of (5.05 ± 0.38) × 10 7 s −1 . The intercept value means the non-radiative rate constant is almost the same among the solutions, and the gradient value is k r0 according to equation (13) . The radiative rate constant plotted versus the squared refractive index is shown in figure 4(d , shows that it is too small. Therefore, instead of using the empirical n 2 dependence suggested by Hirayama, we use Toptygin's model given by equation (10) [33] to quantitatively analyze the data.
Data analysis according the Toptygin model
To calculate the transition dipole moment, µ, from the model by Toptygin et al, equation (10) , a plot of ( n v 5 em 3 /k r ) 1/2 versus n 2 is shown in figure 5 . From equations (10)- (12), P1 and P2 for PM546 are found to be (4.92 ± 0.06) × 10 −3 cm 3/2 and (0.24 ± 0.02) respectively. Re-arranging equation (11) , this yields a transition dipole moment, µ, of 7.1 ± 1.1 Debye (D) for PM546, more than twice the value obtained from the previous analysis with equation (4) . The value of (7.1 ± 1.1) D is in excellent agreement with the literature value which has been found to vary from 6.8-6.93 D [35, 41, 52] .
In addition, the depolarisation factor L µ , calculated from equation (12), is 0.19 ± 0.03. A value of L µ < 1/3 indicates that PM546 is an ellipsoidal molecule and its dipole moment along its longest axis. These findings are consistent with what is found in the literature for pyrromethene dyes. The direction of the S 0 → S 1 transition dipole moment is perpendicular to that of the changes in the permanent electric dipole moments [51, 53, 54] .
Furthermore the oscillator strength ( f ) of the transition 1 ← 0 can be calculated from the transition dipole moment µ using equation (16) [55] . where v is the wavenumber of the transition between the ground and excited state, m e is the electron mass, h is Planck's constant, c is the speed of light in a vacuum and e the electron charge. Using the experimental value µ = 7.1, f is found to be 0.453. In previous studies the value of f has been found to be ~0.42 for PM546 depending on the details of the density functional theory (DFT) model used [35, 52] . For rhodamine 123, the values of P1 and P2 calculated from the gradient and the intercept of the plot are (6.43 ± 0.10) × 10 −3 cm 3/2 s −1/2 and 0.42 ± 0.03, respectively. From the P1 and P2 values obtained from the intercept and gradient, the value of µ is found to be (8.1 ± 0.1) D, and L µ is found to be 0.29 ± 0.07. Thus, the intrinsic electronic transition dipole moment is 8.1 D along the longest axis of the rhodamine 123 fluorophore, and its shape is ellipsoid. The data analysis based on Toptygin's model is summarised in table 1.
We also tried to apply the formalism of plotting (n 5 v em 3 /k r ) 1/2 versus n 2 to BODIPY-C 12 , a fluorescent molecular rotor [44, 45] . However, the radiative rate constant is much smaller in comparison to the nonradiative decay rate in BODIPY-C 12 and hence extracting the radiative decay constant from the data with sufficient accuracy proved difficult. The data points show too much scatter, and the standard deviations of the gradient and intercept are too large to be meaningful [56] . Investigating Nile red, a dye with more complicated photophysics than the single state systems investigated here [57] also did not work: The average lifetime gets longer as glycerol is added, and the plots of (n
versus n 2 are not linear [56] . Analysing the average lifetime of GFP fluorescence decays as a function of the refractive index (from [10] ) in this manner yielded reasonable values, but their interpretation is difficult as the GFP fluorescence decays multi-exponentially.
Conclusion
From fluorescence lifetime measurements of the fluorescent dyes PM546 and rhodamine 123 in solvents of different refractive index, we have been able to calculate their transition dipole moments, using a model proposed by Toptygin et al [33] . The results are in excellent agreement with those from the literature. The transition dipole moment of PM546 is found to be (7.1 ± 1. (2), is appropriate when it is used for the purpose for which it was intended: to calculate the radiative decay rate k r of a dye in a medium of a given refractive index n from the fluorescence emission spectrum F(ν) and the extinction coefficient spectrum ε(ν) measured in the same medium. However, if the refractive index n is changing, then not only k r , but also ε(ν) varies with the refractive index, and therefore the Strickler-Berg equation cannot be used to predict the variation of k r with n by simply plotting k r versus n 2 . However, the empirical relationship between the inverse lifetime and the radiative rate constant and the square of the refractive index is still a linear one, and as such still suitable as an empirical calibration to convert lifetime into a refractive index or vice versa. In combination with FLIM, it is a viable contrast mechanism [13, 14, 25, 26] .
The approach presented here is important for quanti tative understanding further which molecular probes are suited to which applications and being able to predict the behaviour of new or important dyes like PM546 in different environments, for example fluorogen-based reporters [58] , quantum dots [17] , novel genetically encoded fluorescent proteins [59] or dyes, particularly for fluorescence imaging. TCSPC is a very accurate way of directly measuring fluorescence lifetimes, without the use of a standard or reference. It allows for a higher precision than fluorescence quant um yield determinations, and so this novel method by Toptygin et al provides a potentially highly accurate method for measuring transition dipole moments based on fluorescent lifetimes and emission wavelength. No knowledge of the cavity radius is required, as, for example, in the Lippert equation. Furthermore, the transition dipole moment of rhodamine 123 is found to be (8.1 ± 0.1) D. We have also shown one of the limitations of this model by investigating a molecule that is sensitive to solvent viscosity, such as BODIPY-C 12 [44, 45] or polarity, such as Nile red [57] . Here we see that this method is unable to predict the electronic transition moment accurately due to the large impact of viscosity on the non-radiative rate constant, or multi-exponential fluorescence decays and the non-linearity of average lifetime plots according to equation (10) [56] . It is of value to understand these limitations of both methods so that we can better characterise fluorescent probes in the future. [41, 52] 6.80 [35] Rhodamine 123 155.6 ± 2.5 65.1 ± 4.9 6.4 ± 0.1 0.42 ± 0.03 8.1 ± 0.1 0.29 ± 0.07
